Alzheimer's disease (AD) is characterized pathologically by the presence of extracellular senile amyloid plaques and intracellular neurofibrillary tangles. The major component of AD senile plaques is a 39 -43 residue peptide, the amyloid ␤ protein (A␤P), which is the product of proteolytic processing of widely distributed ␤-amyloid precursor protein (␤APP) (1). Clinical impairment in AD correlates with an early synaptic dysfunction, followed by more severe neuronal changes that include increased synaptic loss, widespread neuritic dystrophy, neurofibrillary tangles, and neuronal death (2, 3). Pathological and genetic analyses have shown a causal relationship for A␤P and the AD pathogenesis, but the underlying mechanism is not well understood. Due to the presence of A␤P fibrils in senile amyloid plaques and a correlation between the in vitro degenerative effect of A␤P and the age and fibrillar morphology of A␤P, formation of A␤P fibrils has been proposed to be a prerequisite for A␤P toxicity (4). On the other hand, globular and nonfibrillar A␤Ps are continuously released during normal cellular metabolism and are also present in AD tissues. Moreover, small nonfibrillar A␤P alone is sufficient to cause cellular degeneration (5, 6) and fibrillar A␤Ps may not induce toxicity (7). One of the proposed mechanisms for A␤P toxicity suggests that nonfibrillar A␤Ps form calcium-permeable ion channels in the cell plasma membrane. These channels would allow excessive calcium influx and disrupt the normal cellular calcium homeostasis. Consistent with this possibility, amyloid beta peptides of various lengths, including A␤P 25-35 , A␤P 1-40 , and A␤P 1-42 , elicit cation-selective currents when reconstituted into lipid bilayers (8 -11) as well as in the plasma membrane of neurons (12). When reconstituted in liposome, A␤P 1-42 and A␤P 1-40 allow Ca 2ϩ uptake in a dose-dependent manner (13, 14) , and soluble A␤Ps induce ionophore-like calcium influx in neurons as well as non-neuronal cells (5, 6, 15, 16) .
that include increased synaptic loss, widespread neuritic dystrophy, neurofibrillary tangles, and neuronal death (2, 3) . Pathological and genetic analyses have shown a causal relationship for A␤P and the AD pathogenesis, but the underlying mechanism is not well understood. Due to the presence of A␤P fibrils in senile amyloid plaques and a correlation between the in vitro degenerative effect of A␤P and the age and fibrillar morphology of A␤P, formation of A␤P fibrils has been proposed to be a prerequisite for A␤P toxicity (4) .
On the other hand, globular and nonfibrillar A␤Ps are continuously released during normal cellular metabolism and are also present in AD tissues. Moreover, small nonfibrillar A␤P alone is sufficient to cause cellular degeneration (5, 6) and fibrillar A␤Ps may not induce toxicity (7) . One of the proposed mechanisms for A␤P toxicity suggests that nonfibrillar A␤Ps form calcium-permeable ion channels in the cell plasma membrane. These channels would allow excessive calcium influx and disrupt the normal cellular calcium homeostasis. Consistent with this possibility, amyloid beta peptides of various lengths, including A␤P [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , A␤P , and A␤P , elicit cation-selective currents when reconstituted into lipid bilayers (8 -11) as well as in the plasma membrane of neurons (12) . When reconstituted in liposome, A␤P and A␤P allow Ca 2ϩ uptake in a dose-dependent manner (13, 14) , and soluble A␤Ps induce ionophore-like calcium influx in neurons as well as non-neuronal cells (5, 6, 15, 16) .
Based on the amino acid sequence of A␤P and experimental evidence of multilevel A␤P ion channel conductances, Durell et al. (17) have proposed a theoretical model for the channel structure formed by multimeric A␤Ps, with a subunit stoichiometry ranging from four to eight monomers. However, direct 3-dimensional structural data are not yet available to confirm such channel structures.
Moreover, neuronal responses mediated by these putative A␤P channels are yet to be determined. More specifically, cellular changes mediated by physiological (nanomolar) concentrations of fresh and nonfibrillar A␤Ps are unknown. Such changes would include shortterm and rapid neuritic degeneration in a dose-depen-dent manner, leading to eventual neuronal death during the period during when A␤Ps remain globular and do not form fibers.
We have imaged A␤P incorporated into planar lipid bilayers with an atomic force microscope (AFM) (18) . These images show multimeric channel-like structures with four and six apparent subunits. Biochemical analysis also shows the formation of stable A␤P tetramers and hexamers in lipid bilayers, and electrical recordings show heterogeneity of single channel currents. At the cellular level, A␤P 1-42 induced short-term neuritic degeneration and eventual neuronal death in a time-and concentration-dependent manner. A␤P toxicity was prevented by zinc, previously shown to inhibit calcium uptake and conductance via A␤P channels, but was not prevented by antagonists for the putative A␤P plasma membrane receptors.
MATERIALS AND METHODS

Materials
1,2-Dioleolyl-sn-glycero-3-phosphatidyl-choline (DOPC) was purchased from Avanti Polar Lipids (Birmingham, AL). Synthetic peptide A␤P was obtained from Dr. Hirakura at UCLA and synthesized in Keck Laboratory at Yale University. A␤P peptide was also purchased from Bachem (Torrance, CA). The monoclonal anti-A␤P IgG (3D6) with an epitope at the extracellular amino terminus was a generous gift from Dr. Russell Rydel of Athena Neurosciences (South San Francisco, CA). Fura 2-AM was purchased from Molecular Probes (Eugene, OR). ZnCl 2 , Tris, Trolox, DTT, MK801 (dizocilpine maleate), and physalemin were purchased from Sigma-Aldrich Chemical Company (Milwaukee, WI).
Sample preparation for AFM imaging
To incorporate A␤P into planner lipid bilayer, A␤P was dissolved in chloroform and mixed with DOPC in chloroform at a 4:100 molar ratio. The mixture was dried with Argon gas and resuspended in 10 mM HEPES (pH 7.4) solution at 1 mg/ml. The lipid/A␤P 1-42 mixture was bath sonicated for 20 min to form liposomes. The liposomes were then deposited on freshly cleaved mica for 20 min, rinsed with HEPES solution, and heated at 65°C for 5 min to fuse liposomes into planar bilayers (19) . AFM imaging was carried out in Tapping mode in 10 mM HEPES (pH 7.4) solution.
Atomic force microscopy imaging
AFM images were obtained as described (13, 14) using a Multimode AFM with an Extender™ electronics module (Digital Instruments, Santa Barbara, CA). Oxide sharpened silicon nitride tips with a nominal spring constant of ϳ0.32 N/m (Digital Instruments) were used for most of the experiments. Most of the imaging was carried out in the 'Tapping mode' at frequencies near 9 kHz. The scanning speed ranged between 2 and 10 Hz. All imaging of A␤P and lipid bilayers was conducted in 10 mM HEPES buffer (pH 7.4) at room temperature (22-24°C) as described (13) .
Polyacrylamide gel electrophoresis and immunoblotting
To extract A␤P incorporated in the liposomes, the A␤P-liposome mixture was frozen/thawed and pelleted by centrifugation and the pellet was washed to remove the unincorporated A␤P . This procedure was repeated three times to ensure that the unincorporated A␤P was removed. The liposomes were resuspended in 10 mM HEPES buffer and solubilized with 1% SDS. Electrophoresis SDS sample buffer was added to the extracted A␤P 1-42 -liposome sample as well as to A␤P freshly dissolved in H 2 O and heated for 10 min at 90°C.
The peptides were separated by electrophoresis on 12% tris-trisine sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) under reducing conditions (20) , molecular weight markers (Sigma, St Louis, MO) were run parallel to the samples. Proteins were trans-blotted to a nitrocellulose membrane (Micron Separations, Westborough, MA) using a semidry blotter (Fisher Scientific, Tustin, CA). The blot was blocked with PBS containing 5% nonfat milk (30 min), followed by 1 h incubation at room temperature with PBS containing a monoclonal antibody (3D6, 2 g/ml) and 5% nonfat milk. After washing with PBS, the blot was incubated for 1 h at room temperature with horseradish peroxidaseconjugated rabbit anti-mouse IgG (1:2000 dilution in PBS with 5% nonfat milk, Chemicon, Temecula, CA). The A␤P bands on the blot were detected with a SuperSignal West chemiluminescence detection reagent (Pierce Chemical, Rockford, IL) on Fuji RX film (Fisher Scientific).
Ion channels current measurement
Phospholipid bilayer membranes were formed by a wellestablished method (21) . Solvent-containing membranes were formed by placing a bubble of lipid onto the end of a Teflon™ tube ϳ300 in diameter. The design of the chamber allowed rapid introduction of solution into immediate proximity with the membrane in a volume of only 50 ml. Agar salt bridges were used to connect the electrodes to the solutions and voltage clamp conditions were used in all experiments.
Ion channel currents were recorded with an Axopatch amplifier (Axon Instruments, Sunnyvale, CA) and stored on videotape for later playback and analysis. Membrane capacitance and resistance were monitored continuously in order to assure the formation and stability of reproducible membranes.
Cell culture
Neuro-2a (N2A) mouse neuroblastoma cells (American Type Culture collection, Rockville, MD) were cultured on sterile plastic Petri dishes by a standard method in Dulbecco's modified Eagle's medium (DMEM). The medium contained glucose, 10 mM HEPES, 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% heat-inactivated fetal bovine serum (Life Technologies, Rockville MD). For the fluorescent labeling experiments (cell viability, immunofluorescence labeling, and calcium imaging), cells were cultured on laminin-coated glass coverslips (Fisher Scientific). Cells were maintained at 37°C and 5% CO 2 .
A␤P-induced neuronal degeneration
Monolayers of cultured N2A cells were imaged on days 2-3 after seeding. Calcein AM was used as a fluorescence tracer molecule to visualize neuritic reorganization and degeneration. Calcein AM is widely used as a probe for cell viability assay. To load the dye into the cells, N2A cells cultured on laminin-coated glass coverslips were incubated with calcein for 30 min at 37°C in HEPES-buffered DMEM. The glass coverslips were then rinsed and mounted in a chamber and placed on the stage of a Bio-Rad MRC 1024 laser confocal microscope. The objective used for the experiment was a 60ϫ Nikon PlanApo oil immersion lens with a numerical aperture of 1.4. Images were collected at 10 min intervals.
For control experiments (i.e., without A␤P addition), images were collected without any addition of A␤P for 1 h at 10 min intervals. No adverse effect on neuronal processes or neurite morphology was observed over the time course of the experiment. To examine the effect of A␤P , A␤P stock solutions were prepared by dissolving the peptides in deionized water. No DMSO or other solvents were used. The stock solutions were stored as aliquots at Ϫ20°C until used. A␤Ps were sonicated to disperse any fibrils and filtered before adding to the cells in culture. Image was captured before cells were treated with A␤P; A␤P was then added online and images were obtained at 10 min intervals for 1 h. The majority of A␤P-induced cellular changes were observable within 15-45 min after the online addition of A␤P. The repeatability of the effect was imaged in at least six to eight different Petri dishes for each perturbation.
Cell viability was assayed using a live/dead assay kit from Molecular Probes. Cells treated with A␤P 1-42 for 4 h and without A␤P treatment were incubated with the dyes for 30 -45 min at 37°C and 5% CO 2 in opti-MEM. Immunofluorescence images were captured with a fluorescence microscope using a 20ϫ objective lens.
Cell calcium imaging
The intracellular calcium level of N2A cells was imaged using a calcium-sensitive fluorescent dye Fura 2 (Molecular Probes). The N2A cells grown on laminin-coated glass coverslips were incubated with 5 M fura 2-AM for 30 min. The glass coverslip was then rinsed, mounted in a chamber, and placed on the stage of a Zeiss Axiovert 100 microscope. The calcium imaging experiments were carried out using the Image Workbench Software and Image Lighting 2000 board from Axon Instruments (Foster City, CA). The excitation wavelengths were set at 350 Ϯ 5 nm and 380 Ϯ 5 nm and the emission wavelengths at 510 Ϯ 10 nm, by using bandpass interference filters. Switching of excitation wavelengths was done with a 10 -2 filter wheel from Sutter Instrument Co. (Novato, CA). The fluorescence images were collected with a MacroMax cooled CCD camera form Princeton Instruments (Princeton, NJ). The experiments were carried out in nominally HCO 3 -free HEPES-buffered DMEM at room temperature (22-24°C).
Immunofluorescence labeling
Cells grown on glass coverslips were incubated with 5 M A␤P for 3 h at 37°C, followed by a thorough wash with PBS. Cells with and without A␤P treatment were then fixed with 4% paraformaldehyde for 10 min and washed with PBS and PBS containing 3% bovine serum albumin and 1% goat serum to minimize any nonspecific binding. Cells were then incubated with either 3D6 antibody against A␤P (1 g/ml) or normal mouse IgG (1 g/ml) in PBS containing 3% BSA and 1% goat serum for 1 h. After washing, the sample was incubated for 1 h with a cy-3-conjugated goat anti-mouse antibody (1:200 dilution) under the same conditions as for the primary antibody. Immunofluorescence images were captured with a fluorescence microscope using a 20ϫ objective lens.
RESULTS
Monomeric A␤Ps form stable multimeric complexes when reconstituted in lipid membrane
AFM images of freshly dissolved A␤Ps demonstrate that A␤Ps are globular proteins with an average diameter of 1-3 nm. These globular A␤Ps appear predominantly as monomers and dimers based on the molecular weight and size distribution of globular proteins in AFM images. This observation is consistent with results from previous AFM imaging of A␤Ps, which have shown that freshly dissolved A␤Ps is primarily monomeric and contains no large fibrillar formations (13, 22, 22a) .
Real-time AFM imaging of A␤Ps under buffered solution shows that A␤Ps retain the globular and nonfibrillar shape for an extended period and at nonphysiologically higher concentrations: even after 3 h of incubation at a relatively high concentration (2 mg/ml in PBS), no fibril formation is detected (Fig. 1A) . On the other hand, when allowed to oligomerize at room temperature for 48 h in PBS (pH 7.4), A␤Ps (2 mg/ml in PBS) assemble into linear fibrillar conformation. Figure 1B shows an AFM image of such oligomerized A␤P fibrils after 48 h of incubation. However, a significant percentage of globular A␤Ps are still present. At lower concentrations (10 -50 g/ml in PBS), continuous AFM imaging shows that A␤Ps do not form fibrils after 8 h.
We examined the possibility that freshly prepared soluble A␤P monomers would undergo conformational changes and oligomerize when incorporated into lipid bilayers. A␤P is highly lipophilic and spontaneously intercalates into the membrane bilayer and liposomes (13, 14, 23) . In the present study, A␤P was reconstituted in liposomes, which were then fused to form planar lipid bilayers (13, 14, 19) . We were able to obtain both single and double lipid bilayers. Figure 2A shows an AFM image of an imperfectly fused planer lipid bilayer that contained several lipid vesicles not completely fused into the planar membranes. To access the thickness of the planar lipid membranes, a portion of the membrane was force-dissected using very high imaging force (Fig. 2B) . The force dissection reveals two membrane leaflets. The total height of the planar lipid membranes measured from the thickness profile of the dissected area is ϳ12-14 nm (Fig. 2C) , which corresponds to thickness of two lipid bilayers.
After incorporation into lipid membranes, predominantly monomeric and dimeric globular A␤Ps (Fig. 1A) form stable higher order oligomers. The evidence for such oligomeric structures is derived from complementary biochemical assay, recording of single channel currents, and direct AFM imaging of reconstituted bilayers. When freshly dissolved A␤P 1-42 is electrophoresed on a 12% reducing tris-trisine SDS-polyacrylamide gel, the peptides appear predominantly as a single band with an apparent size of ϳ4 kDa, the same as the monomeric A␤P (Fig. 3, right lane) . A smaller portion of the peptides formed dimers; little protein with higher molec-ular weights was detected. However, when the membraneincorporated A␤Ps were separated by SDS-PAGE under reducing conditions, two prominent bands with the molecular weights of tetrameric and hexameric A␤Ps appeared in addition to the bands representing monomeric A␤P and dimeric A␤Ps (Fig. 3, left lane) . These results indicate that A␤P 1-42 formed stable, possibly covalently cross-linked, tetrameric and hexameric structures in the lipid bilayer membrane.
Electrophysiological studies from several laboratories have provided detailed characterizations of channel conductance when A␤Ps were reconstituted in lipid bilayers (9, 10) . We had also previously reported that A␤Ps reconstituted liposomes allow calcium uptake (13, 14) . Here, we provide electrophysiological data that show channel currents induced by the reconstitution of A␤P in planer lipid bilayers. Consistent with earlier studies from other laboratories, our results also show the presence of a heterogeneous population of A␤P channels. Figure 4A shows single channel currents as a function of time across a planar lipid bilayer membrane exposed to 10 M A␤P . At the start of the record, current is nearly zero, reflecting the low baseline conductivity of membranes, but shortly after the introduction of A␤P, downward deflections of current representing the opening of individual ion channels are observed. The multiple different sizes of single channel currents correspond to various levels of channel conductance, which probably reflect the heterogeneity of aggregation of A␤P 1-42 subunits. A detailed biophysical characterization of the channel conductance, selectivity, and gating was beyond the scope of the present study. However, our results are consistent with previous electrophysiological recording data from other laboratories that suggest the presence of multiple number of subunits and stoichiometry of A␤P channels (9, 10, 17) .
A␤P 1-42 forms ion channels in reconstituted membrane
To obtain higher resolution AFM images of randomly distributed and noncrystalline arrays of A␤P oligomers in reconstituted membranes, we fused liposomes into large planar bilayers before imaging rather than directly imaging on the smaller spherical liposomes. Both single and double bilayers were observed in our study (Fig. 2 ). An example AFM image of the upper surface A) Electrical current record as a function of time across a planar lipid bilayer membrane exposed to 10 M A␤P . At the start of the recording, current is nearly zero, reflecting the low baseline permeability of membranes; shortly thereafter, downward deflections of current representing the opening of individual ion channels can be observed. Note the multiple different sizes of these channel currents, which probably reflect the heterogeneity of aggregation of A␤P . About halfway through, voltage polarity is reversed; after an initial decrease in current (of opposite sign), the A␤P 1-42 -induced currents begin increasing rapidly. Solutions contained 100 mg KCl, 10 mM HEPES (pH 7. of the reconstituted bilayer membrane is shown in Fig.  4B . The oligomeric A␤Ps have channel-like structures: donut-shaped structures with an outer diameter of 8 -12 nm, a centralized pore-like depression, and oligomeric walls protruding ϳ1 nm above the embedding lipid bilayer surface.
Closer examination of the individual A␤P channel structures at higher resolution reveals at least two subunit arrangements: rectangular structure with four apparent subunits and hexagonal structures with six apparent subunits (Fig. 5) . The extramembranous protrusions of each subunit are not uniform and differ by 0.1-0.3 nm. Whether this small variation in the topography is real or induced by the AFM imaging force is not clear. The resolution of AFM imaging in the present study is insufficient to resolve the structural details of each subunit. Subnanometer resolution AFM imaging has been achieved only on highly crystalline membrane protein samples.
The present study provides the first structural evidence for the formation of A␤P channel in a lipid bilayer membrane. AFM images of these channels show both open and occluded pore-like features (Fig. 5) . However, we are not certain whether the latter A␤P structures truly represent closed A␤P channels. Alternatively, they could be aggregated A␤Ps that did not assemble into proper channels.
As described above, the presence of both tetrameric and hexameric channel-like structures is also consistent with the biochemical analysis of oligomeric A␤Ps isolated from reconstituted liposomes (Fig. 3) as well as from electrophysiological recording of multiple single channel currents of different sizes (Fig. 4A) . The relative preponderance of tetrameric and hexameric arrangements in the AFM images was not quantified.
For A␤P channels to be relevant to AD pathophysiology, they should induce cellular morphological changes at physiological (nanomolar) concentrations in a dosedependent manner, these morphological changes should be blocked by A␤P channel-specific inhibitors, and A␤Ps should form channel-like structures in the cell plasma membrane. The concentrations of peptides used for ion channel reconstitutions in artificial membrane and the concentrations of peptides necessary to show physiological effects at cellular level vary significantly. For reconstitution in artificial systems, a higher concentration (micromolar) of peptides is usually required although nanomolar concentration is usually considered physiological for cellular activity.
A␤P 1-42 induces rapid neuritic degeneration at physiological nanomolar concentration
We examined the effects of fresh and nonfibrillar A␤P 1-42 on neuritic arborization and neuronal death using a tracer fluorescent dye calcein AM. Neurons not treated with A␤P remained stable and no significant neuritic reorganization or loss of neuronal processes was observed during 1 h of imaging (Fig. 6A, B) . After 15 min of incubation with A␤P , neurons began to undergo significant morphological changes including beading and granulation of neurites, loss of neuritic arborization, and swelling of neuronal bodies (Fig.  6C--H ). Since fibrillar A␤Ps had not been formed during such a short incubation period in our study (Fig.  1) , the A␤P-induced changes in neuronal morphology are most likely induced by globular A␤Ps. Fifteen minutes of A␤P incubation is sufficient to incorporate A␤Ps into the cell plasma membrane, for forming ion channels, and loading the cytoplasm with excess calcium to induce neuritic degeneration.
A␤P toxicity was dose and time dependent such that a lower concentration of A␤P 1-42 required a longer incubation to induce comparable structural changes. For example, 50 nM A␤P 1-42 induced neuritic degeneration within 45 min (Fig. 6C, D) whereas no significant degeneration was observed for 20 nM A␤P during this period (data not shown). To limit the possibility of forming fibrillar A␤Ps, we restricted the imaging to ϳ1 h; thus, we cannot exclude the possibility that with longer incubation at the same or lower concentrations, A␤Ps could induce neuritic degeneration. 200 nM A␤P 1-42 caused greater neuritic degeneration and loss of cell-cell contact (data not shown); increasingly significant neuritic losses were observed for 500 nM (Fig. 6E, F ) and 5 M A␤P (Fig. 6G, H) . The repeatability of the A␤P-induced cell morphological changes observed within 1 h after the online addition of A␤P was imaged in at least six to eight different cell preparations for each A␤P concentration tested.
A␤P 1-42 induces neuronal death at micromolar concentration
We examined whether lower doses of A␤Ps with a shorter incubation would induce neurotoxicity and could correlate with the channel mechanism. Previous studies have shown that prolonged incubation with relatively high micromolar concentrations of A␤Ps induces neurotoxicity over an extended incubation period and is consistent with the prevailing fiber hypothesis. In our study, no fiber formation was observed over ϳ8 h for micomolar concentrations of A␤Ps. We thus confined our study for up to 4 -5 h of incubation at concentrations ranging from 1 M to 10 M. Neuronal viability study using a live/dead assay kit comprising calcein AM and ethidium homodimer-1 shows death of a significant number of neurons within 4 h of A␤P incubation (compare Fig. 7A, B with Fig. 7C, D) . The percentage of dead neurons was A␤P concentration dependent, such that more than 90% of neurons were dead upon incubation with 10 M A␤P 1-42 and very few neurons were dead upon incubation with 1 M A␤P 1-42 (data not shown). , A␤P 1-42 -treated neurons retained their morphology and viability (Fig. 7E, F ) . This observation is consistent with the view that the altered cellular calcium homeostasis is a common denominator underlying A␤P toxicity. A␤P-induced Ca 2ϩ uptake could occur indirectly via existing Ca 2ϩ -selective channels or directly via A␤P-formed channels. Zn 2ϩ was previously shown to inhibit ion conductance and Ca 2ϩ uptake via A␤P channels (9 -14) . In our study, when Zn 2ϩ was added along with or 5 min after A␤P 1-42 treatment, it protected neurons from A␤P toxicity (Fig. 7G, H) .
A␤P toxicity is Ca
At a concentration of more than 1 mM, zinc facilitates the precipitation of soluble A␤Ps from aqueous buffer (24, 25) and thus could prevent A␤Ps from forming ion channels and hence prevent A␤P toxicity. This is highly unlikely in our study, since the concentration of zinc we used was in the low micromolar range. More important, the blockage was observed even when zinc was added after sufficient time was allowed for A␤Ps to incorporate into the plasma membrane and form ion channels (see refs 13, 14) .
A␤P toxicity could also be induced indirectly via its binding to plasma membrane receptors, including nAChR, NMDA, and tachykinin neuropeptide receptors (26 -28) . Although it is difficult to rule out the possibility of receptor-mediated A␤P toxicity, so far there has not been a replicated report that convincingly identified a bona fide A␤P receptor. We did, however, examine the effects of antagonists/blockers of many putative A␤P membrane receptors on A␤P toxicity. In the present study, for example, physalemin, a tachykinin neuropeptide reported to prevent A␤P toxicity (26) , had little effect on A␤P 1-42 -induced morphological changes: in the presence of physalemin, A␤P still caused cell death in ϳ90% of the population (Fig.  7I, J) . Similarly, MK-801, an antagonist of NMDA receptor, did not prevent A␤P-induced toxicity in neuronal cells (Fig. 7K, L) . In the presence of MK-801, there was only a slight increase in the rate of cell survival (data not shown). 
DISCUSSION
Multiple A␤P channel stoichiometries correlate with multilevel conductances
Previous electrophysiological studies suggest that ion channels formed by A␤Ps of various lengths (A␤P [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] , A␤P , A␤P ) share a common feature: they exhibit multilevel channel conductances. The multilevel conductances could result from multiple conformational changes in the A␤P channel structure and/or from the difference in number of subunits that form a single channel (8, 10, 17) . A more recent study of A␤P channel suggests that the multiple channel conductances reflect the difference in subunit number rather than changes in channel conformation (10) . The observation of single A␤P 1-42 channels with both four and six subunits (Fig. 5 ) and the formation of stable A␤P tetramers and hexamers in lipid bilayers (Fig. 3) indicate that A␤P channels can be composed of different numbers of subunits.
In the present study, predominantly monomeric A␤P was directly solubilized into lipid. Thus, the aggregation and oligomerization of A␤P should have occurred within the lipid bilayers. After incorporation into the lipid bilayer, there are more A␤Ps in stable tetrameric and hexameric forms than dimers (Fig. 3, left lane) . There are some A␤P dimers, but few A␤P tetramers and hexamers present before A␤P membrane incorporation (Fig. 3, right lane) . This suggests that tetramers and hexamers are more stable in lipid bilayers. However, we cannot exclude the possibility of the presence of larger and less stable structures of A␤P aggregates in lipid membrane, since a small number of larger aggregates of A␤P (20 -30 nm in diameter) were also observed with AFM imaging (data not shown). Although various lipids have been shown to possess differing propensity for A␤P incorporations, once formed, channel activity and properties remain the same (B. Kagan, personal communication). Hirakura and Kagan have looked at the role of various lipids on channel formation by A␤Ps as well as other small peptides (10, 11, 21) . Durell et al. (17) have proposed two different possible A␤P channel structures with distinguishable alignments of the peptide backbone in the lipid bilayer. One of these structures could also convert to a third structural conformation. In the present study, we did not attempt to determine whether the A␤P channels belong to either or both groups. By using AFM and antibodies against specific regions of A␤P, the protein sequences of extramembrane domains and the pore region of the A␤P channel can be identified and now provide further insight into the structure and functions of the A␤P channels.
Progressive accumulation of A␤Ps accelerates toxicity
A␤P is secreted by a variety of ␤APP-expressing neurons and non-neuronal cells, and is present up to nanomolar concentrations in the cerebrospinal fluid and blood circulation under physiological conditions (25, 29) . In vivo and in vitro studies have shown that A␤P can form small, stable oligomers but no fibrils at physiological concentrations (low nM) up to micromolar levels (22a, 30) .
Under normal conditions, soluble A␤Ps are bound to various A␤P binding proteins and are quickly cleared from cerebrospinal fluid into the bloodstream (31), most likely via receptor transport mechanisms across the blood-brain barrier (32, 33) . The removal and degradation of A␤Ps from the brain could also be affected by certain A␤P binding proteins (34 -36) as well as by the production and activation of A␤P-degrading proteases (37) (38) (39) (40) .
In the brain of AD patients, the level of soluble A␤P (especially A␤P ) is significantly elevated (41, 42) . This is probably due to an imbalance in the production and removal of A␤P, which could lead to excessive accumulation of A␤P in the cerebrospinal fluid, deposition of A␤P, and formation of calcium-permeable A␤P channels on cell plasma membranes. Continued accumulation of A␤P channels over an extended period would allow considerably higher Ca 2ϩ uptake, eventually disrupting calcium homeostasis and activating signal transduction pathways leading to cellular degeneration. The cellular toxicity data in our present study support such a scenario: A␤P 1-42 induces calcium uptake, rapid neuritic degeneration, and neuronal death at nanomolar and micromolar concentrations, respectively.
Consistent with the possibility that the neuritic degeneration observed in our study was caused by plasma membrane A␤P channels, immunolabeling of A␤P-treated cells with anti-A␤P antibody indicates that a large amount of A␤P was incorporated into and/or bound to cell plasma membrane (Fig. 7M-O) . Such intercalation has been reported previously by 1) direct structural analysis using light fluorescence immunolabeling or indirectly by freeze-fracture and/or negative staining EM or other high-resolution techniques or 2) electrophysiological recording of A␤P-induced channel currents in the neurolemma. 14 radioactive labeling that most of the A␤P (28 -41) fusigenic portion was associated with an enriched plasma membrane fraction of rat cortical neurons. Our previous data on non-neuronal cells (5, 6) and data from others labs using site-directed antibody against the outer portion of A␤Ps show strong immunolabeling.
No attempt was made in the present study to determine whether these membrane-associated A␤Ps form ion channel-like structures in native plasma membrane. Such a determination would provide even stronger direct evidence in support of the channel hypothesis of AD pathogenesis, but it is technically difficult to carry out such studies at this time. Several other studies have reported channellike activity in A␤P incubated neurons (12, 15) . Moreover, Vargas et al. (47) have shown displacement currents associated with the direct insertion of A␤Ps into planar bilayer membrane. Kawahara et al. (12) have shown zinc-sensitive, cation-selective currents across membrane patches from hypothalamic neurons and recorded increased cellular calcium in hypothalamic neuronal cell line (48) .
A␤P increases intracellular calcium
We have examined several postulated mechanisms of A␤P toxicity, including 1) its interaction with plasma membrane receptors such as tachykinin receptors (26), NMDA receptors (28), or nAChR (27) and 2) changing cellular ionic concentration by modulating the activity of preexisting channels (49) or via its own ion channels (8 -14) . Our data show that A␤P toxicity is inhibited by the removal of external calcium, and thus calcium influx is required to induce cellular toxicity. When neurons were treated with 10 M of A␤P in the presence of normal extracellular calcium (1.8 mM), intracellular calcium increased in many of the observed cells (Fig. 8) . However, the calcium response varied among different cells and many cells showed little change in the cellular calcium level. We have previously shown that A␤Ps induced calcium influx and intracellular calcium increases in both endothelial and fibroblast cells (5, 6) .
The A␤P toxicity observed in our study is unlikely due to A␤P's interactions with its putative plasma membrane receptors, such as tachykinin receptors or NMDA receptors: neither physalemin or NMDA blocker MK-801 prevented the A␤P toxicity. On the other hand, the A␤P channel blocker Zn 2ϩ prevented A␤P toxicity, which suggests that it is induced by calcium uptake directly via A␤P channels. Previous studies from other laboratories have also shown that several calcium channel blockers and antagonists of calcium mobilization such as -conotoxin, nifedipine, verapamil, APV, MK-801, cAMP, 8-bromo cAMP, cGMP did not inhibit neurotoxicity induced by A␤P [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and A␤P (50, 51) . Thus, although it is difficult to exclude all possibilities of calcium uptake via existing channels, inhibition of cellular degeneration by zinc suggests that A␤P toxicity is mediated by calcium influx via A␤P channels.
In conclusion, we have shown that A␤Ps form ion channel-like structures in the lipid bilayer. We provide strong correlative evidence that A␤P toxicity could be mediated by calcium influx via these A␤P channels. Thus, A␤P channels could provide a direct as well as complementary pathways for inducing cellular degeneration commonly associated with Alzheimer's disease. Additional study is required to determine the structural conformation of A␤Ps in the cell plasma membrane. In addition to its direct relevance to AD, high-resolution imaging of A␤P channel structures provides a new avenue for the study of the channel-like structures predicted for many cytotoxic peptides as well as other amyloidogenic proteins, including prion and ␣-synuclein (for review, see ref 52).
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